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Highlights

What are the main findings?

• Adhesive-based repair partially restores the Mode I fracture performance of previously
delaminated CFRP laminates, reaching values comparable to the baseline material.

• The laminate with a modified epoxy matrix (AS4/8552) shows significantly higher frac-
ture toughness than the unmodified epoxy system (AS4/3501-6), even after adhesive-
based repair.

What are the implications of the main findings?

• Repair effectiveness strongly depends on the mechanical behaviour and ductility of
the adhesive, with acrylic adhesives providing enhanced energy dissipation and more
stable crack propagation under Mode I loading.

• Adhesive selection for composite repair should prioritize energy dissipation capability
rather than stiffness alone, especially for damage scenarios dominated by Mode I.

Abstract

One of the most critical damage modes affecting the structural performance of traditional
composite materials, and therefore their durability, is the occurrence of interlaminar cracks
(delamination), which are prone to grow under different loading conditions. In this study,
the feasibility of repairing carbon fiber reinforced polymer (CFRP) laminates using struc-
tural adhesives was experimentally investigated by evaluating the Mode I interlaminar
fracture toughness. Two unidirectional AS4 CFRP systems were analyzed, manufactured
with epoxy 8552 and epoxy 3501-6 matrix resins. Mode I delamination behavior was char-
acterized using Double Cantilever Beam (DCB) specimens. Three commercial structural
adhesives were used in the repair process: two epoxy-based systems, (Loctite® EA 9460™,
manufactured by Henkel adhesives (Düsseldorf, Germany), and Araldite® 2015 manufac-
tured by Huntsman Advanced Materials (The Woodlands, TX, USA) and one low-odor
acrylic adhesive, 3M Scotch-Weld® DP8810NS manufactured by 3M Company (St. Paul,
MN, USA). Adhesive joints were applied to previously fractured specimens, and the re-
sults were compared with those obtained from baseline composite specimens. The results
indicate that repaired joints based on the 8552 matrix exhibited higher strain energy release
rate (GIc) values, approaching those of the original material. The 3501-6 system showed
increased fiber bridging, contributing to higher apparent fracture toughness. Among
the adhesives evaluated, the acrylic-based adhesive provided the highest delamination
resistance for both composite systems.
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1. Introduction
Delamination failure in laminated composite materials is particularly relevant in

applications where high levels of loading, reliability, and safety are required. The rela-
tionship between the generated damage, delamination and the associated stress state is
a key parameter to consider when designing components made of these materials. From
an experimental point, fracture mechanics is the tool most widely used to predict their
behavior. Numerous studies have been developed and continue to be carried out in this
field, covering all fracture modes, with the aim of quantifying in-service behavior while
also providing practical data for the design of parts and components [1–10].

One of the parameters associated with delamination processes is the influence of the
matrix on the material behavior [11]. Tests on different materials have shown that the
relationship between the toughness of the matrix and that of the laminate is nonlinear [12].
The ratio between the Mode I fracture toughness of the composite and that of the matrix is
slightly greater than unity for brittle matrices, mainly thermosets, and significantly lower
than unity for ductile matrices, mainly thermoplastics.

Other experimental and analytical studies have highlighted the need to restrict the
matrix surfaces in order to make accurate predictions of composite toughness. These
studies indicate that the toughness of the matrix constrained by boundary conditions,
obtained using an extremely thin resin film as an adhesive layer, is similar to the toughness
of the composite material [13].

To determine the influence of the adhesive on fracture toughness, several investigations
have analyzed the effect of adhesive thickness. These studies showed a clear relationship
between increasing fracture energy and increasing adhesive thickness. This trend continued
until the adhesive thickness reached approximately 1 mm, above which the fracture energy
remained stable. Additional studies on rubber-like adhesives concluded that fracture energy
increases as the adhesive layer thickness increases, while the initial stiffness increases as the
adhesive layer thickness decreases. Furthermore, in the case of epoxy adhesives, fracture
toughness was found to increase continuously with adhesive thickness up to approximately
1.3 mm, remaining nearly constant for larger bond-line thicknesses [14–16].

The main conclusion drawn from the literature is that matrix behavior can be used to
understand deformation mechanisms in composite materials. However, it remains difficult
to quantitatively predict laminate properties solely from matrix properties.

When addressing the issue of composite recycling it must be noted that one of the
main drawbacks of these materials is their limited recyclability [17–19]. Due to their het-
erogeneous nature and very different properties, most composites, particularly those with
thermoset matrices, cannot be remelted without material degradation [20]. Considering the
rapidly increasing global demand for carbon fiber reinforced composites (CFRPs), contin-
ued growth in their use is expected [21]. The annual generation of CFRP waste in Europe
and the United States has been estimated to be approximately 3000 tons [22]. This situation
has become a major environmental concern, since traditional approaches for managing
composite waste are largely limited to landfilling and incineration.

Projections indicate that by 2030, between 6000 and 8000 commercial aircraft are ex-
pected to reach the end of their service life [23]. Although research activity in this field
remains limited [24–26], new recycling technologies are emerging, mainly based on mechan-
ical, thermal, and chemical methods. In mechanical recycling processes, composites are
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crushed into particles ranging from approximately 10 mm to 50 µm, which are subsequently
used as fillers for lower-grade composite materials.

Pyrolysis is the most widely used thermal recycling method. In this process, the
polymeric matrix is decomposed and converted into lower-molecular-weight components.
However, the high temperatures involved can lead to fiber degradation. In some cases,
recycled carbon fibers produced by pyrolysis retain up to 90% of their original tensile
strength, while their elastic modulus remains essentially unchanged. In contrast, recent
studies have shown that chemical recycling methods are a promising alternative, allowing
the recovery of clean fibers with purities of up to 99.9%. Nevertheless, many of these
processes are aggressive and may degrade the fibers, leading to a reduction in their mechan-
ical properties. Examples of chemical recycling approaches include atmospheric pressure
depolymerization using benzyl alcohol and K3PO4 at 200 ◦C, as well as acid digestion
using acetic acid and H2O2 at 110 ◦C [21].

Regarding adhesive properties [27–33], thermosetting epoxy adhesives are the most
widely used in structural bonding applications. These adhesives are based on epoxide
functional groups and are commercially available as one- or two-component systems. One-
component adhesives require heat activation for curing, whereas two-component systems
consist of a resin (diepoxide or polyepoxide) and a hardener (polyamines or mercaptans).
Epoxy adhesives provide strong joints and are generally very stiff, ranking among the
best-performing commercial adhesives. In general, they offer good thermal resistance,
although they are difficult to process and recycle.

Acrylic adhesives, in contrast, are thermoplastic materials. They provide strong
structural bonds and fast curing at room temperature, typically with good environmental
resistance. However, their curing depth is limited to approximately 1 mm, and the activator
may contain solvents that can damage the substrate. These adhesives are often used to
bond materials with different characteristics. Table 1 provides a basic comparison of their
main features.

Table 1. Comparison of epoxy and acrylic adhesives.

Properties Epoxy (2-Components) Acrylic

Impact resistance Poor Good
Service temperature (◦C) −55 to 120 −70 to 120

Curing temperature/mixing required Yes No
Odor Low Low

Toxicity Moderate Moderate
Flammability Low Low

These findings provide valuable insights for the design and selection of adhesive-
based repair strategies in composite structures, particularly in high-value applications such
as aerospace components and structural maintenance.

Regarding the response of these adhesives to the delamination process, comparative
studies have evaluated epoxy and acrylic based adhesives under Mode I fracture using
DCB specimens [34]. In addition, their mechanical properties were characterized through
different experimental tests, including tensile and torsion tests. The results showed that the
strength of joints bonded with epoxy adhesives was approximately four times higher than
that of joints bonded with acrylic adhesives, regardless of the joint configuration. However,
the strain at the failure point of the acrylic adhesive was found to be approximately ten
times higher than that of the epoxy adhesive.

In line with this research framework related to the recycling of composite materials, the
aim of the present work is to investigate the feasibility of composite repair processes using
adhesive bonding. To this end, adhesive joints were manufactured on specimens previously
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tested under Mode I fracture loading, and the results obtained were compared with those
corresponding to the original (as-received) material, as well as with joints manufactured
on laminates specifically produced for bonding purposes. Two composite materials were
analyzed, both reinforced with unidirectional carbon fibers, but employing two different
epoxy matrices: one exhibiting tough behavior and the other a brittle behavior.

2. Materials and Methods
2.1. Materials and Specimens

The experimental work was carried out on two composite materials manufactured with
the same AS4 unidirectional carbon reinforcement. Both materials employed epoxy resins
from the same manufacturer: one material used a modified epoxy resin (type 8552) with
the commercial designation Hexply® AS4/8552 RC34 AW196, while the other employed an
unmodified epoxy resin (type 3501-6) with the commercial designation Hexply® AS4/3501-
6 RC37 AW190. All base materials were supplied by Hexcel Corporation (Stamford, CT,
USA). The mechanical properties of these materials are summarized in Table 2 and corre-
spond to values obtained from a previous experimental characterization of the carbon fiber
composite materials carried out in the laboratory.

Table 2. Mechanical properties of AS4/8552 and AS4/3501-6 composites.

Material
Elastic Modulus Tensile Strength Shear Modulus Shear Strength

E11 GPa E22 [GPa] σ11 [MPa] σ22 [MPa] G12 [GPa] τmax [MPa]

8552 144 10.6 1703 30.8 5.36 67.7

3501-6 131 8.9 1954 24 5.09 79.3

11 Fiber direction; 22 Transverse to fiber direction.

For the characterization of delamination under Mode I in both materials, whether in
monolithic laminated specimens or in those manufactured by bonding, the same speci-
men configuration was used for monolithic laminated specimens and bonded specimens
(Figure 1), in accordance with ASTM D5528 [35]. The specimens had a rectangular geome-
try with uniform thickness and width and consisted of an even number of unidirectional
plies. A non-adhesive insert (Tygavac RF 242, supplied by Airtech Advanced Materials
Group (Huntington Beach, CA, USA), 12 µm thick) was placed at the mid-plane at one end
of the specimen, with a length of 60 mm, to facilitate the initiation of delamination.

 
 

(a) (b) 

Figure 1. (a) Specimen geometry and dimension; (b) Test with the type of grip used.

For the fabrication of specimens from previously fractured samples, considered in this
study as repaired specimens, the procedure described below was followed. The bonding
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surfaces were abraded using fine grit P220 sandpaper supplied by Buehler (Lake Bluff, IL,
USA), subsequently cleaned with acetone, and bonded using the corresponding adhesive.
Prior to curing, the specimens were subjected to vacuum, after which the excess material
along the sides was machined. Finally, the surface was painted and marked to allow
monitoring of crack growth during the tests.

In order to eliminate any influence of environmental conditions on the tests, all
specimens were subjected to prior drying.

All tests were carried out on an MTS 810 servo-hydraulic testing machine with load
cell 1 kN. Mechanical grips were used to hold the specimen in the testing machine instead
of hinges.

A total of 18 specimens per material system were manufactured and tested for each
bonded joint configuration. For each adhesive system, 6 specimens were prepared and
tested on AS4/8552 laminates and six specimens on AS4/3501-6 laminates, resulting in
12 specimens per adhesive. Consequently, 12 specimens bonded with Loctite® EA 9461™,
12 with Araldite® 2015, and 12 with 3M™ Scotch-Weld™ DP8810NS were experimentally
evaluated. In addition, to establish reference behavior, 18 baseline (unbonded) specimens
were tested for each composite material, namely AS4/8552 and AS4/3501-6. Therefore, the
experimental campaign comprised a total of 72 bonded specimens and 36 baseline speci-
mens, ensuring statistical consistency across all material adhesive combinations. Figure 2
shows the extensometer and the experimental setup and the optical microscope used during
the tests.

 
 

(a) (b) 

Figure 2. (a) Extensometer (b) Specimen setup on the mechanical testing equipment.

2.2. Adhesives

This section is devoted to describing the characteristics of the adhesives used in this
work. Two epoxy-based adhesives (matching the substrate) and one acrylic adhesive
were employed. All of them are widely used in structural applications, particularly epoxy
adhesives, which are the most common when working with composite materials. The
adhesives used were: 3M™ Scotch-Weld™ DP8810NS, an acrylic-based adhesive cured
at room temperature; Araldite® 2015, an epoxy-based adhesive; and Loctite® EA 9461™
(also epoxy-based). The curing process for each adhesive differed and was carried out in
accordance with the specifications provided by the respective manufacturers. The basic
properties of the adhesives, as reported by the manufacturers, are summarized in Table 3.

The thickness of the adhesives was measured on 3 different specimens of each of them.
It was carried out with a ZEISS magnifying glass, model Stemi 508, equipped with an
Axiocam 208 Color camera, both supplied by Carl Zeiss Microscopy (Jena, Germany), with
a magnification between 3.2× and 5×. The average values were 0.278 mm for Loctite epoxy
adhesive, 0.255 mm for Araldite epoxy adhesive and 0.215 mm for acrylic based adhesive.
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Table 3. Basic properties of the adhesives used.

Base Viscosity
[mPa·s]

Tensile
Modulus

[GPa]

Tensile
Strength

[MPa]

Shear
Strength

[MPa]

Loctite® EA
9461TM Epoxy 150,000 a

250,000 2.76 30.3 13.8

Araldite®

2015
Epoxy Thixotropic 2 30.0 15.0

3MTM

DP8810NS
Acrylic 45,000 0.86 11.37 6.9

2.3. Static Fracture Toughness

To determine the fracture toughness of both materials under static loading and Mode I
fracture, ASTM D5528 was followed. The fracture toughness calculations were carried
out using the three methods proposed by this standard: the Modified Beam Theory
(MBT), the Compliance Calibration method (CC), and the Modified Compliance Calibration
method (MCC).

Modified Beam Theory (MBT)

GIC = 3Pδ/(2b(a + |∆|)) (1)

Compliance Calibration (CC)

GIC = nPδ/2ba (2)

Modified Compliance Calibration (MCC)

GIC = 3P2·C2/3/2A1bh (3)

where b is the specimen width, h the specimen thickness, P the applied load, δ the dis-
placement at the load application point, a delamination length, and ∆ is a correction factor
obtained as a function of the compliance C and the crack length. The parameter n is deter-
mined from the slope of the linear fit of log(C) versus log(a). To obtain parameter A1, the
experimental curve of a/h versus C1/3 must be constructed, where A1 corresponds to the
slope of the least-squares fitted line.

A test speed of 1 mm/min was maintained. Crack initiation was identified through
direct observation of the specimen using a 70× microscope and verified by means of a
clip-on extensometer placed at the specimen front.

3. Results and Discussion
The following section presents the experimental results obtained from the static tests,

corresponding to the specimens described in Section 2. Figure 3 illustrates the load–
displacement curves recorded during the crack initiation phase for both materials and for
each adhesive system investigated. The term “composite” refers to the baseline laminated
material tested without any adhesive layer.

Figure 3 shows a similar overall behaviour for both materials, although with some
noticeable differences. In both cases, the baseline composite exhibits significantly lower
delamination initiation loads compared to those obtained for the specimens repaired with
the different adhesive systems.
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The slopes of the load–displacement curves are mainly governed by the stiffness of the
AS4/8552 resin system, resulting in slopes comparable to those observed for both epoxy-
based adhesives. For adhesive joints manufactured on AS4/8552 composite substrates, a
higher deformation capacity than that of the baseline material is observed. Specifically,
the load-point displacements nearly doubled, with similar deformation levels for the two
epoxy-based adhesives and a slightly higher displacement for the acrylic-based adhesive.

 
(a) (b) 

Figure 3. Load–displacement response of two carbon fiber types bonded with different adhesives.
(a) AS4 8552; (b) AS4 3501-6.

In the case of the AS4/3501-6 composite, the three adhesive systems exhibit a more
uniform response, with very similar load–displacement behaviour. This trend can be
attributed to the lower deformation capacity of the substrate, as it corresponds to a more
brittle matrix composite, which may partially limit the deformation capability of the
adhesive layer. The response of the two epoxy-based adhesives is practically identical,
while no significant differences are observed for the acrylic adhesive.

Figures 4 and 5 present the results of the static characterization in terms of critical
fracture energy, calculated at the maximum load point using the three methods specified in
the standard: Modified Beam Theory (MBT), Compliance Calibration (CC), and Modified
Compliance Calibration (MCC). Figure 4 corresponds to the AS4/8552 material, whereas
Figure 5 corresponds to AS4/3501-6.

 

Figure 4. Mode I fracture toughness of AS4/8552 material.
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Figure 5. Mode I fracture toughness of AS4/3501-6 material.

A direct comparison between joints manufactured on previously delaminated sub-
strates (repaired specimens) and the corresponding baseline composite specimens revealed
no significant differences in the measured Mode I fracture toughness. For a given adhesive
system and composite material, the GIc values obtained for repaired joints were comparable
to those measured for newly bonded specimens, indicating that the adhesive layer governs
the fracture response regardless of the substrate condition. These results suggest that the
presence of a pre-existing delamination does not adversely affect the effectiveness of the
adhesive-based repair under Mode I loading conditions.

At the substrate level, the modified epoxy resin system (8552) exhibited consistently
superior performance, achieving fracture toughness values significantly higher than those
obtained for the unmodified resin (3501-6). On average, the fracture toughness of the
AS4/8552 laminate was approximately three times greater than that of AS4/3501-6. In addi-
tion, the calculation method used to determine the fracture toughness did not significantly
influence the overall trends observed.

Nevertheless, slight differences among the data reduction methods can be identified.
The Compliance Calibration (CC) method systematically yielded higher fracture toughness
values than those obtained using the Modified Beam Theory (MBT) and the Modified
Compliance Calibration (MCC) methods, which provided nearly coincident results. Under
static loading conditions, the fracture energy calculated using the CC method was 5.6%
higher for the AS4/8552 laminate and 9.9% higher for the AS4/3501-6 laminate.

Regarding the behaviour of the adhesive systems employed in the repair process, it was
observed that, irrespective of the calculation method, the acrylic-based adhesive exhibits
a lower critical fracture energy (GIc) compared to the epoxy-based systems. However, its
more ductile behaviour promotes plastic deformation within the adhesive layer, leading to
a more progressive crack initiation and a more controlled crack propagation. This behavior
can be explained by the higher degree of ductility of the adhesives studied when compared
to the matrix materials of the composite substrates. The differences between the acrylic 3M
adhesive and the epoxy-based Loctite adhesive were relatively small. Among the epoxy
adhesives analysed, the Araldite system exhibited the lowest fracture toughness values.

With respect to the influence of the substrate, the AS4/3501-6 laminate consistently
showed a lower resistance to delamination, regardless of the adhesive used for repair,
highlighting the dominant role of the substrate properties in the fracture response.

https://doi.org/10.3390/fib14020020
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From a quantitative standpoint, and focusing on the conservative MBT data reduction
method, the acrylic-based adhesive (3M™ Scotch-Weld™ DP8810NS) provided GIc values
that were comparable to, and slightly higher than, those obtained with the epoxy-based
Loctite system. For the AS4/8552 composite, the MBT GIc of the 3M adhesive was approxi-
mately 14% higher than Loctite and 61% higher than Araldite, while for the AS4/3501-6
system the difference between 3M and Loctite was limited to approximately 4%, confirm-
ing their very similar fracture response under Mode I loading, although both remained
markedly higher than Araldite (approximately 104% higher for 3M). Overall, Araldite®

2015 consistently yielded the lowest MBT fracture toughness among the adhesive systems.
When compared to the baseline laminates, the use of adhesive-based repair increased the
MBT GIc by approximately 163% for AS4/8552 and 738% for AS4/3501-6 (3M), confirming
the strong effect of the adhesive layer in enhancing Mode I delamination resistance.

Figure 6 shows representative images of the fracture surfaces near the delamina-
tion initiation zone for the three adhesive systems and both composite materials. The
different failure modes observed in selected specimens are indicated, depending on the
adhesive formulation.

 AS4/3501-6 AS4/8552 
3M 

 
Predominantly cohesive failure 

Mixed adhesive and interlaminar failure, 
with low cohesion 

Araldite 

 
Cohesive failure 

 
Cohesive failure with some fiber bridges 

Loctite 

 
Cohesive failure with some fiber bridges 

 
Pure cohesive failure in the delamination 

area and fiber bridging at the edge 

Figure 6. Fracture Surface.

The analysis of the fracture surfaces revealed that cohesive failure was the dominant
failure mode in most of the specimens analysed. The only exception corresponded to
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the acrylic-based 3M adhesive bonded to the AS4/8552 substrate, for which adhesive
failure was predominant. However, this failure mode did not result in a reduction in the
load-bearing capacity at the onset of delamination.

For the epoxy-based adhesives, cohesive failure was consistently observed in the
delamination initiation zone, regardless of the substrate type. As crack propagation pro-
gressed, substrate or interlaminar failure became dominant, together with the appearance
of small regions of adhesive failure distributed across the remaining fracture surface. Al-
though limited fiber bridging was observed in some specimens, particularly during crack
propagation, this mechanism played a secondary role in the overall fracture response. The
primary contribution to the increased Mode I fracture energy arises from the presence of
the adhesive layer and its associated deformation mechanisms.

Overall, for both composite materials investigated, the fracture surface morphologies
observed during the delamination process did not exhibit substantial differences. Nev-
ertheless, a reduction in the extent of the cohesive failure zone was detected, along with
the appearance of isolated adhesive failure regions located away from the delamination
initiation area.

For specimens bonded with the acrylic-based adhesive, the influence of the substrate
was more pronounced. In the case of the AS4/8552 composite, a mixed adhesive–cohesive
failure mode was observed over most of the fracture surface. This behavior was clearly
identifiable and culminated in cohesive failure during the manual separation of the spec-
imens at the end of the test. The mixed failure pattern can be attributed to the lack of
symmetry between the opposing fracture surfaces. Adhesive failure was predominantly
located in darker regions, whereas cohesive failure was associated with lighter areas. Addi-
tionally, a noticeable color change at the edges of the adhesive layer was observed, which is
characteristic of plastic deformation prior to fracture in more ductile adhesive systems.

In contrast, for joints bonded with the acrylic-based adhesive on the AS4/3501-6
composite substrate, which exhibits a more brittle response, a dominant cohesive failure
mode was consistently observed throughout the delamination process. This behavior is
favored by the lower deformation capacity of the substrate, which limits plastic dissipation
mechanisms and promotes cohesive fracture.

From an engineering perspective, this finding supports the feasibility of adhesive-
based repair as an effective alternative to component replacement or extensive reprocessing.
Similar approaches aimed at restoring the mechanical performance of CFRP systems after
prior damage or processing have been reported in the literature, highlighting the potential
of alternative strategies to extend material service life [36].

4. Conclusions
This study has demonstrated that adhesive-based repair strategies can partially restore

the Mode I fracture performance of previously delaminated composite laminates. The
results confirm that the effectiveness of the repair strongly depends on the mechanical
behavior of the adhesive and its interaction with the fractured composite substrate.

Among the evaluated systems, the acrylic adhesive exhibited the highest fracture
energy under Mode I loading, mainly due to its enhanced ductility and associated plastic
deformation mechanisms within the adhesive layer. The contribution of fiber bridging,
although observed in some cases, was limited and played a secondary role. Epoxy-based
adhesives, in contrast, exhibited a more brittle response, resulting in lower apparent
fracture toughness.

It is important to note that the measured increase in fracture energy is influenced
by fiber bridging effects, particularly in the epoxy 3501-6 system. While this mechanism
contributes to higher measured GIc values, it may lead to an overestimation of the intrin-
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sic interfacial toughness. Nevertheless, these effects are representative of real repaired
structures, where fiber bridging is expected to play a role in damage tolerance.

From an engineering perspective, the findings highlight that adhesive selection for
composite repair should not be based solely on static strength or stiffness criteria, but
also on the ability of the adhesive to dissipate energy under crack opening conditions.
In this context, ductile adhesives may offer advantages for Mode I-dominated failure
scenarios. The results of this study indicate that ductile acrylic-based adhesives may be
preferable in repair scenarios dominated by Mode I loading, where energy dissipation and
damage tolerance are important design requirements. Their enhanced ductility promotes
progressive crack initiation and more stable crack propagation, which can be advantageous
in structures subjected to crack opening, impact, or variable loading conditions. In contrast,
epoxy-based adhesives, characterized by higher stiffness and a more brittle response,
may be more suitable for applications where high load capacity, dimensional stability,
or stiffness-driven performance is required, provided that crack opening deformations
remain limited.

Overall, this work provides experimental evidence supporting adhesive-based repair
as a viable strategy to extend the service life of composite structures, offering an alternative
to component replacement or recycling, particularly in high-value structural applications.
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